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Extracellular signal-regulated kinase 1/2 (ERK; ), an important member of the mitogen-
activated protein kinase family, is found in many organisms, and it participates in intracellular
signal transduction. Various stimuli induce phosphorylation of ERK;, in vivo and in vitro.
Phosphorylated ERK,, moves to the nucleus, activates many transcription factors,
regulates gene expression, and controls various physiological processes, finally inducing
repair processes or cell death. With the aging of the population around the world, the
occurrence of ischemia-reperfusion injury (IRI), especially in the brain, heart, kidney, and
other important organs, is becoming increasingly serious. Abnormal activation of the
ERK;,, signaling pathway is closely related to the development and the metabolic
mechanisms of IRI. However, the effects of this signaling pathway and the underlying
mechanism differ between various models of IRI. This review summarizes the ERK,,
signaling pathway and the molecular mechanism underlying its role in models of IRl in the
brain, heart, liver, kidneys, and other organs. This information will help to deepen the
understanding of ERK;,, signals and deepen the exploration of IRl treatment based on
the ERKj,, study.

Keywords: ERK,, signaling pathway, ischemia-reperfusion injury, protective effect, damage effect, molecular
mechanism, therapeutic target

INTRODUCTION

Extracellular signal-regulated kinase 1/2 (ERK,,) is a serine/threonine protein kinase belonging
to the mitogen-activated protein kinase (MAPK) family and is widely found in eukaryotic
cells. ERK,,, plays a key role in signal transduction from surface receptors to the nucleus.
Activated ERK;, phosphorylates substrates in the cytoplasm or nucleus, and thereby induces
expression or activation of specific proteins, leading to regulation of cell proliferation, differentiation,
apoptosis, and other processes.

ERK,), is abnormally expressed in various models of ischemia-reperfusion injury (IRI)
(Minutoli et al., 2005; Wang et al., 2006; Zuo et al., 2006). It is the results of the various
studies in this area that support an important role of ERK,,, in IRI. ERK,,, has been targeted
in an attempt to prevent and treat IRI (Cui et al,, 2014). However, the effects of the ERK,),
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signaling pathway and the underlying mechanism differ between
various models of IRI. These differences are summarized in
this review. This information will help to increase understanding
of the ERK,,, signaling pathway and to identify a potential
therapeutic target for IRI.

THE EXTRACELLULAR
SIGNAL-REGULATED KINASE 1/2
SIGNALING PATHWAY

Extracellular Signal-Regulated Kinase 1/2
The ERK gene is located on chromosome 1p34~35, has a
total length of 3,118 bp, and harbors an open reading frame
encoding 978 amino acids. In the early 1990s, Boulton et al.
(1990) isolated and identified the cDNA sequence of a protein
kinase. This kinase was named ERK,,, because it is activated
by various extracellular signals and has a relative molecular
weight of 44/42 kDa. The ERK family is divided into five
subgroups called ERK,-ERK;. Among these, ERK, and
ERK, are the most widely studied and are generally
referred to as ERK,, because they exhibit 90% homology
(Boulton and Cobb, 1991).

Organization of the Extracellular Signal-
Regulated Kinase 1/2 Signaling Pathway
ERK,, is an important subfamily of the MAPK family and is
part of a three-stage enzymatic cascade reaction (Robinson and
Cobb, 1997), which comprises Raf as a MAPKKK, MAPK/ERK,,,
kinase (MEK) as a MAPKK, and ERK,,, as a MAPK. ERK,, is
normally located in the cytoplasm. Intracellular and extracellular
stimuli induce serine/threonine phosphorylation in the VIII region
of ERK), via the classical Ras-Raf-MEK-ERK,,, pathway, which
leads to activation of ERK;,. This well-studied pathway is involved
in various physiological and pathological processes, such as cell
growth, development, proliferation, and differentiation.
Extracellular stimuli, such as growth factors, neurotransmitters,
inflammation, ischemia, and hypoxia, stimulate their corresponding
receptors and activate tyrosine kinases, and then the signal
is transmitted to Ras. Ras-GTP directly binds to Raf and
induces its translocation from the cytoplasm to the cell
membrane, where it generates a transient membrane-associated
signal. Activated Raf activates MEK by phosphorylating serine
residues in its catalytic region. MEK activates ERK,,,, which
phosphorylates cytoplasmic target proteins or regulates the
activities of other protein kinases. More importantly, activated
ERK,;, enters the nucleus and phosphorylates various
transcription factors, such as Elk-l, c-Myc, STATs, Jun, Fos,
ATF,, and Max. These factors regulate transcription of their
target genes and thereby change the expression or activities
of specific proteins, ultimately leading to the regulation of
cellular metabolism and function (Widmann et al., 1999;
Boilly et al., 2000). The classical ERK,, pathway comprises
Ras-Raf-MEK-ERK,,,. Many other factors, such as growth
factors, cytokines, viruses, G protein-coupled receptor ligands,
and oncogenes, also induce phosphorylation of ERK,,,. ERK,,

may be activated via Gq-PI3K-Raf (Otsuka et al., 2007) and
AC-cAMP-PKA-Raf (Otani et al., 2018) signaling. These
findings highlight the complexity and importance of ERK;),
signaling pathways.

The Ras-Raf-MEK-ERK,,, signaling pathway is summarized
in Figure 1 based on a large amount of literature.

Functions of the Extracellular Signal-
Regulated Kinase 1/2 Signaling Pathway
The functions of the Ras-Raf-MEK-ERK,, signaling pathway
have been extensively studied in recent years. This pathway
plays an indispensable role in tumorigenesis and development.
Abnormal activation of the Ras-Raf-MEK-ERK,,, signaling
pathway can lead to aberrant activation of downstream signaling
elements. This affects apoptosis and differentiation of normal
cells and promotes their malignant transformation and abnormal
proliferation, leading to tumorigenesis (Overmeyer, 2011; Asati
et al.,, 2016; Zale$na et al.,, 2016). The Ras-Raf-MEK-ERK,,,
signaling pathway also plays an important role in cell cycle
regulation. It promotes proliferation by regulating transcription,
translation, and degradation of key cell cycle-related proteins
(Coleman et al.,, 2004). Many studies demonstrated that the
Ras-Raf-MEK-ERK},, signaling pathway initiates autophagy
by upregulating expression of the autophagy marker proteins
LC3 and p62 under stress conditions (Kim et al., 2014). On
the other hand, this signaling pathway also inhibits autophagy
by downregulating expression of lysosomal-associated membrane
proteins 1 and 2, and thereby preventing autophagosome-
lysosome fusion (Sivaprasad and Basu, 2008). These results
indicate that the ERK,,, signaling pathway performs multiple
regulatory functions by activating different targets, which
makes it difficult to study the functions of this pathway.

The functions of the ERK,, signaling pathway are summarized
in Figure 2 based on a large amount of literature.

ISCHEMIA-REPERFUSION INJURY

Normal metabolism and functional maintenance of tissues and
organs are dependent on normal blood circulation. Local
ischemia caused by various factors often leads to injury of
tissues and cells. Early restoration of blood flow in ischemic
tissue (i.e., reperfusion) is the most effective method to treat
ischemic injury. However, reperfusion can aggravate reversible
ischemic injury and induce irreversible damage. This effect,
called IR, is involved in the pathogenesis of organ transplantation
and various diseases and affects the prognosis of patients with
ischemic diseases. Elucidation of the mechanism underlying
IRI is important to ameliorate or prevent this condition and
to treat ischemic diseases.

The mechanism underlying IRI is very complicated and
involves primary injury in the early stage of ischemia and
secondary injury after reperfusion. Tissue damage due to
IRI not only depends on the degree of blood flow reduction,
but is also related to intracellular calcium overload (Hu
et al., 2018), oxidative stress, the inflammatory response
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FIGURE 1 | Summary of the classical Ras-Raf-MEK-ERK;, signaling pathway. Extracellular signals stimulate G-protein-coupled receptors (GCPRs), receptor
tyrosine kinases (RTKSs), and integrins on the membrane, and activate ERKj,, a key signaling molecule, via a series of cascade reactions. ERKj,, is usually located in
the cytoplasm. Once activated, ERK;, rapidly crosses the nuclear membrane, reactivates transcription factors, regulates transcription of target genes, induces
expression or activation of specific proteins, and finally regulates cellular metabolism and function.
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FIGURE 2 | Summary of the functions of the ERK,, signaling pathway. Cytokines regulate cellular processes via the ERK;,, signaling pathway. Extracellular
stimulation leads to phosphorylation of ERKj,,, which affects various cellular activities by mediating activation of transcription factors.

(Al-Salam and Hashmi, 2018), neurotoxicity of excitatory = Many factors that induce IRI influence each other, leading
amino acids (Dohmen et al., 2005), excessive nitric oxide to neurotoxicity and eventually local brain tissue damage
synthesis, energy metabolism disorders, and other factors. and necrosis/apoptosis of nerve cells.
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The relationship between the ERK,;, signaling pathway and
IRI in different tissues and organs is discussed in this review.

THE EXTRACELLULAR SIGNAL-
REGULATED KINASE 1/2 SIGNALING
PATHWAY AND ISCHEMIA-
REPERFUSION INJURY

The Extracellular Signal-Regulated

Kinase 1/2 Signaling Pathway and

Cerebral Ischemia-Reperfusion Injury
Ischemic stroke is a common disease that causes neurological
disorders and cognitive impairment (Mori, 2010). Thrombolytic
therapy is the most effective treatment for stroke at present;
however, it has a strict time window and readily induces
Cerebral IRI (CIRI). CIRI is the most common complication
of thrombolytic therapy in stroke patients. ERK,,, is widely
found in the nervous system. Phosphorylation of ERK,, is
indispensable for its functions, such as inducing proliferation
and differentiation, and inhibiting programmed cell death upon
brain injury (Roux, 2004). ERK,, is activated in the early
stage after brain injury. The role of the ERK,, signaling pathway
in CIRI has become a hot topic in recent years, however,
there are two contradictory views.

Some studies demonstrated that activation of the ERKj,
signaling pathway improves CIRI in vivo and in vitro.
Astragaloside IV effectively activates the EGFR-ERK,,, signaling
cascade, and thereby promotes proliferation and neurogenesis
of neural stem cells in the brain following transient ischemia
and improves nerve function in rats after ischemic stroke (Chen
et al., 2018). Protein kinase C (PKC) reduces ischemic injury
of mouse cortical neurons by inhibiting ubiquitin C-terminal
hydrolase L1 expression, which may negatively regulate autophagy

by activating the ERK,,-mTOR signaling pathway (Wang et al.,
2017b). Resveratrol protects CAl neurons from focal CIRI by
activating the ERK,,-CREB signaling pathway (Li et al., 2016).
a-Phenyl-N-tert-butylnitron induces growth of PC12 neuronal
cells by activating the Ras-ERK,;, and PKC signaling pathways
(Tsuji and Inanami, 2001). These pathways are summarized
in Figure 3A.

However, most reports suggest that activation of the ERK,,,
signaling pathway is neurotoxic in focal CIRI models. DL-3-
n-butylphthalide elicits a neuroprotective effect against CIRI
by inhibiting the ERK,, signaling pathway and reducing
phosphorylation of GRASP65 (Zhu et al, 2018). Combined
treatment of CIRI with acupuncture and mild hypothermia
may downregulate the phosphorylation levels of MEK-2, ERK,,,
and other proteins, increase Bcl-2 expression, and decrease
Bax expression, and thereby reduce apoptosis (Lin et al., 2017).
Resveratrol inhibits activation of the ERK,,-STAT signaling
pathway, effectively reduces the inflammatory response, oxidative
stress, and hippocampal neuron loss, and ultimately ameliorates
brain injury after CIRI (Chang et al.,, 2018). At the same time,
some studies reported that inhibition of the ERK,,, signaling
pathway aggravates CIRI. Nuclear receptor subfamily 4 group
A member 1 (NR4A1) inhibits the MAPK-ERK, ,-CREB signaling
pathway and thereby reduces Mfn2 expression, represses
mitophagy, and activates mitochondrial apoptosis in reperfused
brains. Upregulation of NR4Al is a key step in the initiation
of CIRI (Zhang and Yu, 2018). The studies in vitro have
demonstrated that activation of the ERK,,, signaling pathway
exacerbates CIRI. Oxygen-glucose deprivation induces vascular
endothelial growth factor (VEGF) signaling via VEGF receptor
2 (Flk-1) and activates ERK1/2 through an oxidative stress-
dependent mechanism. Phosphorylated ERK1/2 activates Elk-1
and other transcription factors, such as NF-«B, and promotes
cell death (Narasimhan et al, 2009). These pathways are
summarized in Figure 3B.

Newroprotection '

and thereby protects against CIRI.

FIGURE 3 | Summary of the role of the ERK,, signaling pathway in CIRI. (A) Neuroprotection against CIRI via activation of the ERK,, signaling pathway. A few
studies reported that activation of the ERKj, signaling pathway elicits neuroprotective effects against CIRI. (B) Neuroprotection against CIRI via blockade of the
ERK;,, signaling pathway. Most studies reported that inhibition of the ERK;,, signaling pathway blocks downstream damage, including inflammation and apoptosis,
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The pathophysiological mechanisms of CIRI appear to differ
between animal models. In addition, the mechanisms underlying
hypoxia tolerance in response to different treatment protocols
also differ. Therefore, the mechanism underlying the involvement
of the ERK,,, signaling pathway in CIRI must be explored further.

The Extracellular Signal-Regulated
Kinase 1/2 Signaling Pathway and
Myocardial Ischemia-Reperfusion Injury
Myocardial IRI (MIRI) is a type of myocardial injury caused
by restoration of coronary blood flow after ischemia. This
eventually leads to death of myocardial cells that initially survived
after ischemia and seriously threatens human health (Piper et al.,
1998). Frequent heart damage can lead to irreversible fatal injuries
and even death (Yndestad et al, 2016). Decades of in-depth
research has led to limited understanding of the relationship
between the ERK,,, signaling pathway and MIRI. Inflammation
is one of the most common features of hypoxia-reoxygenation
(H/R) injury in the heart (Yang et al, 2014). Activation of
ERK,/, ameliorates acute myocardial infarction in rats by reducing
expression of inflammatory cytokines (Duan et al., 2015). Oxidative
stress also induces H/R injury of the heart (Vaziri, 2014). The
MAPK/ERK,;, signaling pathway has been reported to both
aggravate and protect against MIRI (Jiang et al., 2013).
Various drugs elicit therapeutic effects on MIRI by activating
the ERK,, signaling pathway. Carvacrol protects against MIRI
by activating various signaling pathways such as MAPK/ERK,),
and thereby reducing apoptosis (Chen et al, 2017). MIRI
activates ERK,,, and subsequently the Gsk-3p-p53 and noxa-
mcl-1 signaling pathways, which are involved in MIRI. Short-
term exposure to TPEN or flavonoids at the beginning of
reperfusion may have therapeutic potential. Mammalian
STE20-like kinase 1 (Mstl) regulates expression of FUNDC1
through the MAPK/ERK,,-CREB pathway, which reduces
mitochondrial apoptosis of cardiomyocytes and improves MIRI
(Yu et al,, 2019). Prazosin protects cardiomyocytes against
inflammation, oxidative stress, and apoptosis by increasing
expression and activity of ERK,, (Wang et al, 2017a).
Preconditioning with remifentanil reduces cell injury and
death, and protects against H/R injury in adult rat
cardiomyocytes. These protective effects are mainly dependent
on activation of the PI3K/Akt and ERK,,, signaling pathways.
Furthermore, experiments using inhibitors demonstrated that
ERK,,, is located downstream of PI3K (Dou et al., 2016).
Other studies suggested that activation of the ERK,,, signaling
pathway aggravates MIRI. Activation of ERK,;, has been reported
to exacerbate MIRL Formyl peptide receptor 1 (FPR1) is
proinflammatory, contributes to MIRI, and silencing of FPR1
gene have a negative effect on ERK,, signaling pathway and
reduce inflammation, apoptosis, and ventricular remodeling (Zhou
et al., 2018). Gypenoside protects cardiomyocytes against MIRI
by suppressing activation of NF-kB (p65) via inhibition of the
ERK,,, signaling pathway in vitro and in vivo, suggesting that
gypenoside can be used to prevent or treat MIRI (Yu et al,
2016). U0126 ameliorates H/R injury by inhibiting the MEK/
ERK,,, pathway and downstream EGR-1 expression, which may
be a potential approach to alleviate MIRI (Wang et al., 2016).

Further investigation of the relationship between the ERK,,,
signaling pathway and MIRI will provide new directions for
treatment of this condition.

The Extracellular Signal-Regulated

Kinase 1/2 Signaling Pathway and Hepatic

Ischemia-Reperfusion Injury

Hepatic IRI (HIRI) is a common clinical problem observed after
liver transplantation, hepatectomy, severe trauma, and hemorrhagic
shock, and is caused by sudden restoration of blood supply
following hypoxia (Nace et al., 2013; Li et al., 2015). Reperfusion
is usually beneficial; however, HIRI is the main cause of organ
rejection, dysfunction, and even failure after liver transplantation
(Kim et al, 2017), and thus causes significant morbidity and
mortality. HIRI involves various factors, including activated Kupffer
cells, proinflammatory cytokines, chemokines, adhesion molecules,
upregulated oxidation factors, and stress responses (Bilzer and
Gerbes, 2000; Van Golen et al., 2013). Apoptosis and necrosis
occur during HIRI (Malhi et al., 2006).

The relationship between the ERK,, signaling pathway
and HIRI has been a focus of research in recent years.
Various signaling proteins, including members of the MAPK
family, are activated upon HIRI (Yang et al., 2008; Li et al,,
2015; Feng et al., 2017), while inhibition of the MAPK
pathways is generally considered to protect against HIRI.
Pretreatment with astaxanthin protects against hepatocyte
apoptosis and thus HIRI by inhibiting the ERK,,, signaling
pathway and is a therapeutic option (Li et al., 2017). During
HIRI, necrosis leads to hepatic damage, which induces
autophagy via activation of ERKj,. Necrostatin-1 alleviates
this damage by reducing expression of ERK,, (Hong et al.,
2016). Propylene glycol alginate sodium sulfate protects against
HIRI by inhibiting several pathways, including the ERK,,
signaling pathway, and reducing inflammation, apoptosis, and
autophagy (Xu et al., 2017). Pretreatment with salidroside
is a therapeutic option that protects hepatocytes against HIRI
in mice by inhibiting the ERK,, signaling pathway and
thereby decreasing inflammation, apoptosis, and autophagy
in the liver (Feng et al.,, 2017).

According to these studies, various drugs protect against
HIRI by modulating the ERK,,, signaling pathway. Further
investigation of the underlying mechanism may help to develop
a new therapy for HIRIL

The Extracellular Signal-Regulated

Kinase 1/2 Signaling Pathway and Renal
Ischemia-Reperfusion Injury

Renal IRI (RIRI) is characterized by restriction of renal blood
flow and subsequent restoration of normal blood flow and
oxygen supply. This aggravates renal damage by increasing
inflammation via modulation of various cytokines and reactive
oxygen species (ROS) (Wahhabaghai et al, 2015), and by
modulating cellular function (Khader et al, 2015). Acute
ischemia damages renal cells. After reperfusion, the initial
injury is aggravated by a cascade of inflammatory reactions,
such as inflammatory cell activation, cytokine secretion, and
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other inflammatory reactions, which induce apoptosis or necrosis
of renal parenchymal cells (Bonventre and Zuk, 2004). RIRI
causes renal insufficiency and high mortality (Ma et al., 2009),
and has adverse effects on ~7-20% of hospitalized patients
(Wang et al., 2012). This condition is caused by a series of
complicated events (Hashemi, 2014). ERK,, is required to repair
renal tubular epithelial cells and inhibit fibrosis caused by renal
injury (Jang et al., 2013), suggesting that the ERK,,, signaling
pathway is related to the pathophysiology of various renal
diseases, including RIRI (Kumar et al., 2009).

Research on RIRI in which Clusterin (CLU) participates
revealed that a complex signaling network, which includes the
PI3K/Akt, VEGE and MAPK/ERK1/2 signaling pathways,
mediates survival and proliferation of renal cells (Dairi et al.,
2016). Inhibition of the ERK,, signaling pathway was reported
to elicit beneficial effects on RIRI in most studies. Dexamethasone
induces acetylation of the p65 subunit of NF-xB by inhibiting
MAPK/ERK,;, activation and subsequent translocation of
HMGBI, leading to attenuation of inflammation in RIRI (Zhang
et al.,, 2016). Stanniocalcin-1 protects against renal injury and
reduces inflammation, oxidation, and apoptosis by inhibiting
ROS-mediated expression of various genes encoding components
of the PKC-ERK,,-NF-«B pathway (Liu et al., 2016a). C-reactive
protein interacts with Fcy receptor II and activates Smad3 via
ERK,,,/p38 to promote acute kidney injury. Gene deletion
or drug inhibition of Smad3 blocks this pathway, and thereby
improves acute kidney injury (Lai et al., 2016). Rapid and
sustained perturbation of mitochondrial homeostasis is
important in RIRI (Zhang and Yu, 2018). Pretreatment with
trametinib blocks ERK,, phosphorylation upon RIRI and
attenuates downregulation of PGC-la and its downstream
target genes, thereby reducing mitochondrial biosynthesis
(Collier et al., 2016). In contrast, activation of the ERKj,
pathway has been suggested to elicit beneficial effects on
RIRI. Inhibition of ERK,;, phosphorylation increases apoptosis
and oxidative stress in hypothermic kidneys following ischemia-
reperfusion. Hypothermia induces ERK,, phosphorylation
and thereby reduces renal damage, renal cell apoptosis, and
oxidative stress induced by RIRI (Choi et al., 2017).

Further investigation of these pathways is required and may
help to develop a new strategy to treat or prevent RIRL

The Extracellular Signal-Regulated

Kinase 1/2 Signaling Pathway and Lung
Ischemia-Reperfusion Injury

Lung transplantation provides hope for many patients with
end-stage lung disease. Acute lung injury (ALI) induced by
lung IRI (LIRI) is an important problem following lung
transplantation (Xu et al., 2011). During reperfusion, blood and
oxygen are reintroduced into the ischemic pulmonary parenchyma
and create a toxic environment by inducing production of ROS,
activation of the immune and coagulation systems, endothelial
dysfunction, and death of apoptotic cells (Weyker et al.,, 2013).
Consequently, pulmonary function is seriously perturbed. ALI
induced by LIRI is the main reason for lung transplantation
failure and is an important cause of early death after lung
transplantation (Tsuang et al., 2013). ERK,, is activated during

human lung transplantation (Sakiyama et al., 2005) and promotes
apoptosis (Wada and Penninger, 2004; Lu and Xu, 2006).

Most studies reported that activation of the ERK,, signaling
pathway is involved in development of LIRI; therefore, inhibition
of this pathway may alleviate LIRI. Hypoxia and inflammation
induce VEGF production (Wu et al., 2013), and VEGF increases
the severity of lung injury induced by LIRI. Expression of
VEGF and downstream ERK, are increased in patients with
ALI induced by LIRI. Pretreatment with an anti-VEGF antibody
significantly inhibits VEGF and ERK,, expression, and alleviates
lung injury induced by LIRI (Lan et al, 2016). Activation of
the ERK,,, signaling pathway induces severe LIRI, which leads
to inflammation, edema, and neutrophil infiltration, while
inhibition of ERK,,, significantly reduces LIRI and thus lung
injury (Masanori et al.,, 2018).

Based on these findings, inhibition of the ERK,,, signaling
pathway is a potential therapeutic strategy for LIRI.

The Extracellular Signal-Regulated

Kinase 1/2 Signaling Pathway and
Intestinal Ischemia-Reperfusion Injury
Intestinal IRI (IIRI) is a well-known risk factor for clinical
morbidity and causes delayed dysfunction due to induction
of ischemia and subsequent activation of the inflammatory
pathway (Mallick et al., 2007; Kocogullari et al., 2008). Severe
intestinal ischemia can result in loss of intestinal epithelium,
increased intestinal permeability, sepsis, and multiple organ
failure (Cai et al., 2012). Despite recent improvements in
diagnosis and interventional therapy, mortality of patients with
IIRI remains surprisingly high (Brandt and Boley, 2000).
Therefore, the mechanism underlying IIRI must be clarified
to improve treatment. Early recovery of intestinal function
after TIRI occurs within 3 h of reperfusion and is a complicated
process (Elassal and Besner, 2005). Restoration of the original
state is key to reestablish intestinal barrier function in the
early phase after trauma. This begins as early as 15 min after
injury and is consistent with continued tissue damage during
reperfusion, in contrast with other types of healing (Takahashi
et al., 1995; Wilson and Gibson, 1997). Therefore, a portion
of the intestinal mucosa must survive upon IIRI and undergo
repair to restore the original state.

Various studies reported that activation of the ERK,,, signaling
pathway plays an important role in improvement of IIRI and
is beneficial for repair. IIRI results in tissue damage, loss of
visceral barrier function, and distant complications, including
multiple organ dysfunction syndrome. Reperfusion induces
activation of PI3K/Akt and MEK/ERK,,,, which are involved
in recovery, leading to restoration of tissue and barrier function.
Endogenous HB-EGF is induced after IIRI, which may activate
PI3K/Akt and MEK/ERK,,, via ErbBl to improve IIRI and
facilitate recovery of intestinal barrier function (Elassal and
Besner, 2005). Another study reported that keratinocyte growth
factor treatment reduces apoptosis of intestinal epithelial cells
exposed to hypoxia by activating the Akt/ERK,, signaling
pathway and increasing E-cadherin expression (Cai et al., 2018).

However, there are opposing studies suggesting that ERK,,
contributes to IIRI, Chen et al. showed that exogenous BMP2/4
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can activate the ERK,,, which contributes to NF-kB activation

and increases inflammation during IIRI (Chen et al, 2014).
These findings increase understanding of IIRI and may help

to develop a new therapeutic approach for this condition.

The Extracellular Signal-Regulated

Kinase 1/2 Signaling Pathway and Spinal
Cord Ischemia-Reperfusion Injury

Spinal cord IRI (SIRI) occurs during surgical repair of thoracic
and celiac aneurysms resulting from temporary aortic occlusion.
SIRI can lead to spinal cord dysfunction and paraplegia, which
is the most serious complication of thoracic and abdominal
aortic surgery, with a reported incidence of higher than 10%
(Greenberg et al., 2008). SIRI has long been recognized as a
clinical problem. At present, nutritional support, enhancement
of blood resistance, and early postoperative monitoring are
mainly used to improve spinal cord function. Unfortunately,
these strategies are largely ineffective in paraplegic patients
and impose considerable economic burdens on the individual
patient and society as a whole. Therefore, new approaches are
urgently needed to prevent and treat SIRL

Most studies reported that activation of the ERK,, signaling
pathway protects against SIRL. Both standard and modified
distal posterior adaptation elicits neuroprotective effects against
spinal cord ischemia by increasing expression of p-Akt and
p-ERK,;, (Jiang et al, 2009). Xenon-delayed post-processing
improves neurological function and attenuates SIRI in rats by
increasing p-Akt and p-ERK;,, expression, and activating the
Akt and ERK,,, signaling pathways (Liu et al,, 2016b).

SIRI causes great suffering to patients and imposes a great
burden on their families and society. Therefore, the mechanism
underlying SIRI must be urgently studied, and methods to
prevent and treat this condition must be developed. Further
investigation of the ERKj, signaling pathway may help to
identify a new therapeutic approach for SIRL

FUTURE PROSPECTS

The ERK,, pathway is one of the most important signal
transduction pathways and regulates many biological responses.
It even plays a key role in behavioral responses and cognitive
processes, such as learning and memory. ERK,, is abnormally
expressed upon IRI in vivo and in vitro. Even transient local
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